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Recent experiments suggest that Mg condensation at threading dislocations induce current leakage, leading to degra-
dation of GaN-based power devices. To study this issue, we perform first-principles total-energy electronic-structure
calculations for various Mg and dislocation complexes. We find that threading screw dislocations (TSDs) indeed attract
Mg impurities, and that the electronic levels in the energy gap induced by the dislocations are elevated towards the
conduction band as the Mg impurity approaches the dislocation line, indicating that the Mg-TSD complex is a donor.
The formation of the Mg-TSD complex is unequivocally evidenced by our atom probe tomography in which Mg con-
densation and diffusion through [0001] screw dislocations is observed in p-n diodes. These findings provide a novel
picture that the Mg being a p-type impurity in GaN diffuses toward the TSD and then locally forms an n-type region.
The appearance of this region along the TSD results in local formation of the n-n junction and leads to an increase in
the reverse leakage current.
The realization of next-generation power devices is a criti-
cal target for the sustainable development of society. A major
role in electronics is currently played by Si-based power de-
vices.1–4 However, Si-based power devices are accompanied
by large energy losses and there is a need to fabricate next
generation devices that operate stably with low energy losses
at high voltages. Gallium nitride (GaN) is one of the most
promising materials since it has a larger band gap than Si and
has a superior Baliga’s figure of merit. One can potentially
reduce a large amount of the energy losses by replacing Si
power devices with GaN and there are many reports already
on the superior device performances.5–16
In the power devices, p-n junctions are principal compo-
nents which act as a barrier to prevent reverse bias leakage
currents and then prevents the device from malfunctioning.
The superior reverse bias characteristic is the important factor
to guarantee the reliability and the performance of the devices.
In order to fabricate the GaN power devices, it is necessary
to prepare free-standing GaN substrates and then to perform
epitaxial growth. In practice, a high density of threading dis-
locations, which are extended from the substrate to the epi-
taxially grown GaN layers, have been observed.17–19 For p-n
diodes on a free-standing GaN substrate, the density of screw
and mixed dislocations, penetrating the p-n junction, has been
reported to be 8×105 cm−2 and 6×106 cm−2, respectively.19
The presence of these dislocations is suspected as a primary
source for the current leakage in the p-n diodes.19
In addition to the intrinsic characteristics of the disloca-
tions, the effect of an impurity-dislocation complex such as
an Mg-dislocation complex in p-type GaN has been discussed
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in terms of its impact on the breakdown characteristics.20 Pre-
vious experimental study21 has shown that Mg impurities are
condensed along threading mixed dislocations (TMDs) in p-
n diodes. The Mg configuration is most likely to be formed
by a condensation of Mg at TMDs in a p-layer, followed by
a subsequent diffusion of Mg through into a bottom n-layer
along TMDs. The estimated Mg density was > 1019 cm−3
near the TMDs in the n-layer. It was revealed that the Mg dif-
fusion along TMDs did not cause the current leakage. Usami
et al. have also reported the reverse leakage currents in ver-
tical p-n diodes grown on GaN free-standing substrates19 and
found that leakage spots correspond to the position of [0001]
pure screw dislocations. The Mg condensation at the thread-
ing screw dislocations (TSDs), and its role on the leakage cur-
rent has not been clarified so far. Akiyama et al.22 reported
the atomic arrangement and the electronic structure of TSDs
in Al0.3Ga0.7N and In0.2Ga0.8N. However, there are no reports
on the detailed atomic structures and the electronic properties
of the Mg-dislocation complex in GaN. In order to reveal the
origin of the reverse leakage current, it is necessary to under-
stand Mg condensation mechanism and the electronic proper-
ties of the resulting Mg-TSD complex.
In this Letter, we report results of first-principles calcula-
tions as well as atom probe tomography (APT) analysis that
unveil microscopic origin of the condensation of Mg atoms
towards the TSDs in GaN and of the observed reverse leakage
current in p-n diodes. Our calculations unequivocally show
that the formation of the Mg-TSD complex is energetically
favorable and this complex induces electronic levels in the en-
ergy gap near the conduction-band bottom, hereby acting as
a donor. We argue that this conversion of the Mg doped p-
type GaN to the n-type occurring locally along the TSD is the
reason for reverse leakage current in p-n diodes. The conden-
sation of Mg atoms around the dislocation is clearly observed
by APT.
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FIG. 1. (a) The model of the TSD. The Burgers vectors is [0001]
and dislocation line runs along [0001]. Green and blue spheres are
Ga and N atoms, respectively. The larger spheres highlight the dis-
location core. (b) The schematic picture of the [0001] plane of the
unit cell. The green region denotes GaN and the surrounding is the
fictitious hydrogen. The outermost region is the vacuum. A red cross
denotes the position of the dislocation line.
All the calculations are performed based on the density
functional theory (DFT).23,24 We use the Vienna Ab initio
Simulation Package (VASP).25 The nuclei and core electrons
are simulated by the pseudopotentials generated by the projec-
tor augmented-wave (PAW) method. The valence wave func-
tions are expanded by the plane-wave basis set for which we
find the cut-off energy of 450 eV suffices. The exchange-
correlation energy is treated within the Generalized Gradi-
ent Approximation (GGA) with the Perdew-Burke-Ernzerhof
functional.26,27 In the electronic-structure calculations with
the Heyd-Scuseria-Ernzerhof (HSE) hybrid functional28,29,
the amount of exact exchange is set to be 35 % and the range-
separation parameter is set to be 0.2 Å−1, leading to the band
gap of 3.46 eV, which reproduces the experimental value for
bulk GaN. Figure 1(a) shows an atomistic configuration of the
TSD. The dislocation has the Burgers vector of [0001]. In or-
der to model the TSD, the atoms are helically aligned along
[0001] dislocation line at first.30,31 A periodic boundary con-
dition is then imposed on all axes of the system. The system
contains 812 Ga and N atoms in total and the vacuum layer
is added on lateral planes perpendicular to the [0001] direc-
tion (see Fig. 1(b)). The size except for the vacuum is 49 Å
× 41 Å × 5.28 Å. The dangling bonds on the surfaces of
GaN are terminated by ‘fictitious’ hydrogen.32 The integra-
tion over Brillouin zone is performed with 4 sampling points
along the [0001] direction. Then the structural optimization
is performed with the convergence criterion of 5×10−2 eV/Å
for all the atoms except for the fictitious H atoms which mimic
the Mg-TSD complex in an otherwise infinite-size GaN crys-
tal.
We set out the structural identification and the energetics of
TSD cores with the Burgers vector b= [0001] (for further de-
tails, see Supplementary Information). In addition to atomic
reconstruction and relaxation near the core, we need to reveal
how many Ga and N atoms are involved in the core region:
from a fully filled core, partially filled cores and an open core.
The previous first-principles calculations have examined only
a part of possibilities.33–39 We perform systematic search for
N-rich Ga-rich
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FIG. 2. (a) Various relaxed core configurations of TSD seen from
the [0001] direction. A red cross in the top panel denotes the position
of the dislocation line. The left figure shows the double 6-atom ring
core (labeled by “D") in which the dislocation line is centered on a
bond (basal plane projection). The right shows the single 6-atoms
ring core (labeled by “S") in which the dislocation line is centered at
a ring. In both cases, different core stoichiometries are considered by
removing atoms from the full core model. Each core configuration is
expressed as “D(n |m)" or “S(n |m)", where n and m denote the num-
bers of removed Ga and N atoms, respectively, from the correspond-
ing filled core. (b) Formation energy per unit-cell length along the
[0001] of various core configurations as a function of the Ga chem-
ical potential. The origin of the energy is chosen as the formation
energy of the D(0 | 0). The values for the S(3 | 0) and the S(6 | 3) are
too large to show in the figure, thus, omitted.
the most stable dislocation cores with possible 16 stoichio-
metric ratios of Ga and N as shown in Fig. 2(a). The cores are
expressed as, e.g., D(n |m), where the first capital letter denote
the position of the dislocation line, and n and m represent the
numbers of Ga and N atoms, respectively, removed from the
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FIG. 3. (a) The binding energy of the Mg-TSD complex of the
D(0 | 2), the S(0 | 6), and the S(0 | 3) cores. dMg−dis is the distance of
the Mg from the dislocation line. (b–c) The most stable core struc-
tures of the Mg-TSD complexes of the D(0 | 2), the S(0 | 6), and the
S(0 | 3) cores, respectively. The position of the Mg atom is denoted
by the orange sphere. A red cross denotes the position of the dislo-
cation line.
fully filled core. The formation energy Ef is defined as,
Ef = E−Eref−µN∆nN−µGa∆nGa. (1)
Here, E is the total energies of the supercell with the dis-
location core and Eref is the total energy of the reference
model, for which we adopt the D(0 | 0) in the present study.
∆nN(∆nGa) is the difference in the numbers of N (Ga) atoms
between the target and the reference models. The energetics
depends on the chemical potential µ of either Ga or N (Note
that µGa+µN = εGaN with εGaN being the energy of crystalline
GaN per molecular unit). We have found three most stable
cores of the TSD; D(0 | 2), S(0 | 6) and S(0 | 3) (Fig. 2(b)).
They are all Ga-rich cores with the formation energies about
1 eV per unit c length (= 5.28 Å) lower than other cores.
We next clarify the nature of the interaction between an
Mg atom and the stable TSDs obtained above. We replace
a single Ga atom at various positions relative to the dislo-
cation line with a single Mg atom. In our supercell model,
the Mg concentration is 1.0× 1020 cm−3, which is compara-
ble with the experimental values observed by APT analysis21
(= 1019 cm−3). We define the binding energy Eb between an
Mg atom and a TSD as follows:
Eb = (Edis+Ebulk/Mg)− (Edis/Mg+Ebulk), (2)
where Edis/Mg, Edis, Ebulk/Mg, Ebulk are the total energies of the
Mg-TSD complex, the dislocation without Mg, the Mg with-
out the dislocation, and the system without the dislocation and
Mg, respectively. Figure 3(a) shows the binding energy as a
function of the distance between the Mg atom and the dislo-
cation line for the D(0 | 2), the S(0 | 6), and the S(0 | 3) cores.
The binding energy increases as the Mg atom approaches the
dislocation line for all the core structures. For all the 3 Ga-
rich cores, D(0 | 2), S(0 | 6), and S(0 | 3), examined above, the
most stable positions of the Mg atoms are next neighbor to
the dislocation lines (see Figs. 3(b)-3(d)). The Mg-TSD com-
plex is lower in energy by 1.58 – 1.76 eV per unit c length
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FIG. 4. Distance dependence of the HOKS levels of the systems
with the Mg-TSD complexes. CBM and VBM denote conduction
band minimum and valence band maximum, respectively.
than the isolated Mg and the dislocation. These results un-
equivocally show that the TSDs attract Mg impurities and the
resultant Mg-TSD complexes have shapes of rods with partic-
ular radii which are observable by the atom-probe experiment
(see below).
We then reveal the electronic structures in the energy gap
for the Mg-TSD complexes. We use Kohn-Sham (KS) sin-
gle electron levels in DFT which approximate to proper elec-
tronic levels defined by using the total-energy difference be-
tween different charge states.40 Figure 4 shows the highest oc-
cupied KS (HOKS) levels of the Mg-TSD complexes for the
D(0 | 2), the S(0 | 6), and the S(0 | 3) cores. In order to confirm
the exact position of HOKS levels, we perform the electronic-
structure calculations for the closest Mg-D(0 | 2) complex with
the HSE functional.28,29 We have obtained the HOKS level by
using HSE functional located just below the conduction band
minimum by an amount of 0.86 eV. The band gap estimated
with GGA is about half of that with HSE, and the depth of
this HOKS level with GGA is also half of that with HSE; that
is, it is approximately scaled. We found a clear trend that the
HOKS levels are elevated toward the conduction band mini-
mum as the Mg atom approaches the dislocation line, regard-
less of core structures. This result uncovers a fact unknown
before that the Mg impurity, an acceptor when isolated, is
coupled with the dislocation core and becomes a donor. This
striking feature offers a new framework to consider physics
and chemistry of defect-impurity complexes. To be specific
to the present issue, the obtained results clearly indicate that
Mg-doped p-GaN with TSDs induces n-type regions along the
dislocation cores and thereby leads to the conduction collapse
in p-n diodes.
We are now in a position to discuss the physical reason for
the elevation of the HOKS levels of the Mg-TSD complexes.
We here focus on the Mg-D(0 | 2) complex but the physics is
found to be the same for other complexes. By analyzing the
KS levels in the energy gap, we have found that those levels in
the gap are qualitatively classified into two groups: One is the
levels originated from the core of the TSD which are found
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FIG. 5. (a) Distance dependence of defect levels in the gap. We
plot the band centers of the dislocation states and the acceptor states.
(b) The charge density of the state localized around a Ga-Ga bond
crossing the dislocation line (sampled at Γ point, isosurfaces = 0.005
electron/Å3). (c) The charge density of the Mg acceptor state.
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FIG. 6. (a) The STEM image of the needle specimen of a TSD. (b)
The XZ plane projection view of the three-dimensional tomographic
image of Mg represented by the isoconcentration surface of 0.4 at.
% of Mg.
to be located in the mid gap, and the other is of course the
levels coming from Mg impurities located near the valence-
band top. The HOKS level has a character of the former. This
is evidenced by our calculations shown in Fig. 5(b) and (c)
with the separation of 8.36 Å between the Mg and the disloca-
tion line. When the Mg impurity and the dislocation core be-
comes close, which is energetically favorable as stated above,
the HOKS level shifts upward whereas the lower level does
downward (Fig. 5(a)). Our analyses of the KS orbitals show
that the HOKS state has a character of the anti-bonding nature
of the dislocation state and the Mg state, whereas the lower
state has the bonding nature. The elevation of the HOKS level
is therefore the upward shift of the anti-bonding state due to
the enhanced hybridization.
The theoretical findings described above are clearly corrob-
orated by ATP experiments presented below. In order to ob-
serve the condensation of Mg atoms near the TSDs, we per-
form experimental analysis by using APT on Mg condensa-
tion in a sample with the TSD, which is discussed in Ref. 19.
For details of the experiments, see Supplementary Informa-
tion. Figure 6(a) shows the scanning transmission electron
microscope (STEM) image of the needle specimen containing
a TSD. Note here that the top of the needle specimen is not
just below the pit due to the difficulty in capturing the center
of the pit during the sample milling. The measured tomo-
graphic image of Mg, which shows isoconcentration surface
with 0.4 at.% of Mg, is shown in Fig. 6(b). The length of
the specimen measured by APT is about 300 nm. The Mg
tomographic image shows the Mg condensation along the dis-
location. The observed diameter of the region with distributed
Mg is less than 10 nm and the calculated concentration of Mg
is over 1019 cm−3 around the dislocation. Therefore, it is con-
sidered that doped Mg impurities in p-type GaN diffuse into
the n-type layer through TSDs. In Fig. 6(b), the Mg impurities
tend to be condensed near the TSD in the n-type layer. Such
highly concentrated Mg should come from the upper p-type
layer. This result suggests that Mg impurities will also con-
centrate near the dislocation even in the p-type layer, which
is consistent with our first-principles calculations. Our exper-
iment shows that the dislocation position where the Mg im-
purities are condensed coincides with the leakage spot. The
APT analysis is consistent with our theoretical findings that
the Mg-TSD complex is an origin of the leakage.
In summary, we have performed first-principles calcula-
tions that clarify stable core structures of screw dislocations
in GaN and the formation of the complex of the screw dislo-
cation and an Mg impurity atom for the first time. We have
also found that these dislocation-Mg complexes act as donors,
thus leading to the local conversion of p-type GaN to n-type.
We argue that this conversion is the origin of the leakage cur-
rent observed in the p-n diodes. Atom probe tomography has
unequivocally corroborated this theoretical finding.
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